In-line monitoring of droplets deformation and recovering and polymer degradation during extrusion  by Zborowski, L. & Canevarolo, S.V.
e at SciVerse ScienceDirect
Polymer Testing 31 (2012) 254–260Contents lists availablPolymer Testing
journal homepage: www.elsevier .com/locate/polytestTest method
In-line monitoring of droplets deformation and recovering and polymer
degradation during extrusion
L. Zborowski a, S.V. Canevarolo b,*
a PPG-CEM – UFSCar, Graduate Program in Materials Science and Engineering, Federal University of São Carlos, São Paulo, Brazil
bDEMa – UFSCar, Department of Materials Engineering, Federal University of São Carlos, São Paulo 13565-905, Brazila r t i c l e i n f o
Article history:
Received 4 October 2011





Thermo-mechanical degradation* Corresponding author. Tel.: þ55 16 33518509.
E-mail addresses: leonardo.zborowski@gmail.c
caneva@ufscar.br (S.V. Canevarolo).
0142-9418 2011 Elsevier Ltd.
doi:10.1016/j.polymertesting.2011.11.004
Open access under the Ea b s t r a c t
An extruder can be operated as a torque rheometer by setting an external control of the
processing variables and adding an in-line optical detector and an on-off mechanical valve
at the extruder die exit. Various operational modes can be used including constant, ramp
and sinusoidal changes of the die-head pressure. With the valve closed, a ﬁxed amount of
polymer is added and the extruder put into operation, controlling the screw rotation speed
via software, having a proportional/integral/derivative controller. Polymer degradation can
be followed recording changes in barrel pressure and torque. After processing, the valve is
opened and the molten polymer discharged under a controlled die-head pressure,
manipulating again the screw rotation speed. The polymer mixture morphology can be
scanned during the discharge of the melt ﬂow by the in-line turbidimeter, showing the
deformation/recovery of the second phase droplets.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
A torque rheometer, whichworks as an internal mixer, is
commonly used to study polymer processing [1]. Waldman
and de-Paoli [2] studied the thermo-mechanical degrada-
tion of polyethylene and polypropylene during processing
in an internal mixer. The torque increases with time when
polyethylene is processed due to the branching of the
chains, on the other hand it decreases during processing of
polypropylene due to its mechanism of degradation, which
is via chain scission. Pinheiro et al. [3] also studied the
thermo-mechanical degradation of polyethylene in a tor-
que rheometer but processed it in a partially ﬁlled chamber.
The degradation level is higher when the rheometer is
partially ﬁlled in comparison to a totally ﬁlled chamber, due
to higher oxygen content present inside the chamber.
Lee and Han [4] analyzed the morphological develop-
ment of a polymer blend duringmixing in an internal mixerom (L. Zborowski),
lsevier OA license.taking into account three variables: polymer melt temper-
ature, volume fraction and melt viscosity of each compo-
nent. The polymer that forms the discrete phase during the
mixing time is the one with lower melting temperature,
minor volume fraction and/or higher viscosity. On the other
hand, the polymer that forms the continuous phase is the
one with higher melting temperature, major volume frac-
tion and/or lower viscosity. Tselios et al. [5] studied the
compatibilization of PP/LDPE blends, using PP-g-MA and
poly(ethylene-co-vinyl alcohol) as compatibilizers, via in
situ chemical modiﬁcations. The mechanical properties of
the compatibilized blends increase due to the increased
interfacial adhesion between the polymers, leading to
a better second phase dispersion.
In spite of the widespread usage of a torque rheometer
to simulate the mixing characteristics of an extruder it
presents serious limitations: i) operates in batches, ii) has
low volume capacity and so small amounts of material can
be handled at a time, iii) the mixing blade shape and
movement do not mimic to a good extent the extrusion
process, iv) pressure measurement and control cannot be
done due to low ﬁlling capacity, and v) is not self cleaning
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tages including: i) continuous operation, ii) can handle
large amounts of material with high output, iii) has very
goodmixing capacity which, in modular equipment, can be
designed (screw and barrel proﬁles) according to each
processing requirement, iv) accept real-time measure-
ments and control of processing parameters as torque,
barrel pressure, screw rotation speed, etc, and v) it is self
cleaning. Nevertheless, in comparison to the internal mixer,
an extruder operates as an open system [8].
During the extrusion process the polymer melt is
submitted to mechanical and thermal aggressive condi-
tions,which leads to polymer degradation, as demonstrated
in González-González et al [9] in a study of polypropylene
reprocessing and in Cáceres and Canevarolo [10], for poly-
styrene reprocessing. Several researchers, including Sun-
dararaj et al. [11], have analyzed morphology development
in a twin-screw extruder. They have shown that in a twin-
screw extruder there is the formation of a thin ﬁlm in the
melting zone, which is ruptured due to the shear stresses
present. In another study, Lee and Han [12] again investi-
gated the morphological evolution of polymer blends but
now in a twin-screw extruder. The same behavior as seen in
the internal rheometer takes place in the extruder, i.e., the
polymer with lower melting temperature, minor volume
fraction and higher viscosity forms the discrete phase. The
polymer with higher melting temperature, major volume
fraction and lower viscosity forms the continuous phase.
In order to get a better understanding of the extrusion
process, many in-line and on-line instruments have been
developed in recent decades and ﬁtted in extruders:
rheometers [13–15], microscopes [16], spectroscopes [17],
and optical devices such as turbidimeter [18] and reo-
polarimeter [19], the last two types developed in our
research group. Applying the experience of our research
group, we devised a method to control a twin-screw
extruder to operate as a torque rheometer. The procedure
and some representative results are presented in this work.
2. Experimental
2.1. Materials
The materials used as received were: HP500N, a homo-
polymer polypropylene from Braskem, with MFI ¼ 11 g/
10 min, and N1841, a general-purpose polystyrene from
INNOVA, with MFI ¼ 11 g/10 min.
2.2. Hardware
The extruder used in this study is a co-rotational twin-
screw extruder ZSK 30 from Werner & Pﬂeiderer with
K-Tron gravimetric feeders and a simple screw proﬁle
containing only conducting screw elements. A slit-die with
an optical detector was ﬁtted at the extruder exit with an
on-off mechanical valve in front of it. When manuallyFig. 1. The simple screw proﬁle, having only cclosed this valve blocks the ﬂow keeping the molten
polymer inside the barrel, allowing the extruder to oper-
ates like a torque rheometer, but with the advantage of
having all processing parameters controlled and/or recor-
ded. In order to externally measure and/or control the
processing parameters, an electronic unit was built and
ﬁtted at the extruder front panel. It collects the electric
signal from the three main variables: rotation screw speed,
torque and melt pressure at zone 5 along the extruder and
at the die-head. The extruder screw rotation speed can be
externally controlled by an input signal sent by the soft-
ware via a hard key ﬁtted at the extruder front panel. With
this device one can control the screw rotation speed either
from the computer front panel or from a personal computer
with software specially developed for this operation (see
below). The processing conditions were kept constant
during all extrusions, set at: mass ﬂow rate of 2.0 kg/h,
screw rotation speed of 70 rpm, simple screw proﬁle, pre-
sented in Fig. 1, and a constant temperature proﬁle along
the whole extruder ﬁxed at 240 C.
Fig. 2 presents the basic diagram of the hardware of the
extruder with the two pressure transducers at zone 5 and
at the die-head, together with the location of the turbi-
dimeter and valve.
2.3. Software
The in-line control of the extruder parameters and the
collection of the optical detector data was done by espe-
cially developed software called Rheotorque. It was written
in the Labview 8.6 platform from National Instruments and
controls all operations of the extruder via an analogical/
digital converter NI USB-6218. For instance, the die-head
pressure is controlled by computer manipulation of the
screw rotation speed via a PID controller. The software
collects data from the extruder including: screw rotation
speed, torque and pressure at the die and at zone 5 along
the extruder, together with the optical detector intensity
which is a function of the polymer mixture turbidity.
2.4. Operating the extruder with the on-off valve set OPEN
The on-off valve was set open and a diluted polymer
mixture having only 0.1% (w/w) of the second phase was
extruded, reprocessed up to three times, in order to study
its effect in the mixture homogenization and thermal
stability of the polymer matrix. After each extrusion,
enough material was collected and kept for further use.
2.5. Operating the extruder with the on-off valve set CLOSED
With the extruder completely empted it was put into
operation following two modes of processing: sinusoidal
die pressure and ramp die pressure.
In the sinusoidal die-head pressure mode, with the screw
rotating at 70 rpm, 140 g of polymer mixture was manuallyonveying elements, used in this study.
Fig. 2. Basic diagram of the extruder showing the location of the two pressure transducers (at zone 5 and at the die-head), slit-die with the turbidimeter and the
mechanical on-off valve. Also is seen the electronic system for in-line measurement and control.
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front arrived at the die-head, indicated by the sudden
increase in the die-head pressure, the on-off valve was
manually set closed and the screw rotation stopped. The
hard key turned ON and the software activated, allowing
the computer software to take control of the processing
operation. Then, the PID controls the screw rotation speed
in order to vary sinusoidally the die-head pressure, oscil-
lating from 250 to 750 psi, with a period of 30 s. This
processing mode was applied for ﬁve minutes corre-
sponding to ﬁve complete cycles. During this whole period
the extruder zone 5 pressure, torque and screw rotation
speed data were continuously recorded.
In the ramp die-head pressure mode, a greater amount of
polymer mixture, 180 g, was used. The processing was done
changing the die-head pressure in a ramp shape proﬁle
from zero to 200 psi. The on-off valve was kept closed for
twominutes (corresponding to 2 complete cycles) and then
opened to allow the discharge of the molten polymer,
following the same ramp mode.
2.6. Discharge of the molten polymer after processing
After processing with closed valve, the on/off valve was
opened allowing the polymer mixture to be discharged
from the extruder. During the discharge, a cycle of the die-
head pressure was set via PID controlling the screw speed
rotation. This pressurization can follow two different
proﬁles:
2.6.1. Constant die-head pressure proﬁle
The discharge pressure is set by the PID to keep
a constant 15 psi. After its stabilization, which takes
approximately 30 s, molten polymer samples were
collected for 20 s, cooled in water, dried and weighed, in
order to get the melt ﬂow rate directly from the extrusion
process during discharge.
2.6.2. Ramp die-head pressure proﬁle
The discharge die-head pressure is set by the PID to vary
cyclically in a ramp proﬁle from zero to 200 psi. During the
molten polymer discharge, the response from the optical
detector was recorded, corresponding to the turbidity ofthe molten ﬂow, which is dependent on the size and shape
of the second phase droplets. In order to study the recovery
of the droplet shape deformation, the die-head pressure
proﬁle was designed having a one-minute period of rest
before ramping, making a complete discharge pressure
cycle of three minutes. Just one complete cycle is enough to
have all molten polymer mixture out of the extruder.
3. Results and discussion
Initially, the polymer mixture was prepared by pro-
cessing in the extruder with the on-off valve set open, i.e. in
a conventional mode. The mixture was re-processed up to
three times. The turbidimeter detector was set on during all
re-processing and so the efﬁciency of the dispersion could
be followed. Fig. 3 shows the turbidity signal, die-head
pressure and torque data as a function of time for all
three extrusions. During the ﬁrst run the turbidity signal is
very unstable indicating bad axial dispersion, which gets
quite stable in the following two extrusion runs. On the
other hand, die-head pressure and torque were kept quite
constant during all extrusions, any ﬂuctuation can be
credited to changes in the feeding ﬂow rate.
Each of the PP/PS polymer mixtures obtained during the
re-processing were fed again into the extruder and re-
processed in the ramp die-head pressure mode. The whole
processing cycle includes two parts: the ﬁrst when the on-
off valve is kept closed and the polymer mixture inside the
extruder is sheared, and the second part when, after the
valve is manually opened, the molten polymer mixture is
discharged. During these two processes the die-head
pressure and the turbidity signals were recorded as
a function of time, as shown in Fig. 4. The die-head pres-
sure, Fig. 4a, followed quite closely the expected ramp
proﬁle, including the resting (no pressure) period. During
the ﬁrst part of the processing cycle (valve set closed),
independently of the changes in the die-head pressure, the
turbidity signal remained constant, as seen in the ﬁrst half
of Fig. 4b. This means that the morphology (particle size
and shape) of the two-phase system resting inside the slit-
die remained constant, independent of the cyclic pressur-
ization. This same effect was maintained during the ﬁrst
period of the second part, when the pressure was kept
Fig. 3. Data collected during up to three reprocessing of a polymer mixture
in a twin-screw extruder: (a) turbidity intensity, (b) die-head pressure and
(c) torque.
Fig. 4. In-line data collected during ramp die-head pressure mode applied
during shearing and discharge from an extruder: (a) die-head pressure
following the ramp proﬁle with resting period, (b) turbidity signal showing
reversible changes in the particle shape of the dispersed phase.
Fig. 5. The effect of die-head pressure upon the PS particle’s deformation
and recovery detected by the turbidity signal during the ﬂowing of 0.1% w/w
of PS in a PP matrix.
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relaxation period, the die-head pressure was increased
again following the ramp proﬁle. The turbidity signal
responded by decreasing its intensity. On reducing the
pressure, the turbidity increased up to its original value,
which was maintained while the systemwas depressurized
again, seen in the second half of Fig. 4b. This optical effect
indicates that the dispersed particles of the second phase
are deformed by the melt ﬂow and that this effect is
reversible. This behavior is independent of the number of
extrusions, indicating that the morphology of the polymer
mixture is set already during the ﬁrst extrusion. The
instability in the turbidity shown in Fig. 3a is due to
changes in the concentration of the dispersed phase and
not from its particle size. At these very low concentrations,
only a few pellets of the second phase polymer are neededto be tumble mixed in a large amount of pellets of the
polymer matrix (in simple terms assuming same pellet size
and density there is a 1:1000 ratio of the number of pellets
in the mixture). During feeding, the very few pellets of the
polymer that is going to produce the dispersed phase are
introduced intermittently, producing a large concentration
change in the melt ﬂow.
The turbidity data collected during the discharges can
be plotted as a function of the die-head pressure, which is
related to the average shear stress. Fig. 5 shows that the
particle deformation is a linear effect with a coefﬁcient of
8.0  104, independent of the number of re-processing,
dropping from approximately 0.34 down to 0.19. This
Fig. 6. The thermo-mechanical degradation effect on: (a) pressure at zone 5,
(b) torque and (c) screw rotation speed during processing in sinusoidal die
pressure mode in a closed die twin-screw extruder.
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dispersed phase over the matrix is close to 1, allowing high
phase dispersion and, in a diluted polymer mixture, high
deformation of the droplets of the dispersed phase. When
the die pressure increases, the shear stress rate applied to
the polymer melt also increases, intensifying the elonga-
tion of the second phase droplets. In this case, the defor-
mation (elongation) of the droplets is favored because
breakup is suppressed due to the extremely low concen-
tration of the dispersed phase (0.1% w/w).
Basically, an extruder can mimic the operation of an
internal rheometer if the molten polymer is held inside the
extruder for any required period of time. One way of doing
that is by installing a mechanical valve at the extruder exit,
which would block the exit of the molten polymer. By
closing the valve and setting the extruder into operation
the molten polymer inside the barrel would be pumped
downstream until held up at the extruder end, when
a continuous shearing process would take place during the
length of time the operation was maintained. The advan-
tage of subjecting the polymer to this environment instead
of in an internal rheometer is the fact that the machine
conﬁguration and processing conditions can be set closer to
conventional extrusion. An extra advantage would be the
possibility to control the extrusion operation and get
output data from its main variables, including, in our case,
the use of the optical detector. Unfortunately, an extruder
operating with its exit closed does not present enough axial
ﬂow, which is the main feature of the extrusion process. In
order to partially overcome this deﬁciency we thought of
taking advantage of the compressibility of the molten
polymer by applying an oscillatory die-head pressure
which will push the polymer melt forward on pressuriza-
tion and backwards on releasing the pressure. This would
allow the mass transfer along some screw elements,
depending on the ﬂuid compressibility and pressure
change. Thus, the sinusoidal die-head pressure mode was
devised.
Fig. 6 shows the results of zone 5 pressure (Fig. 6a),
torque (Fig. 6b) and screw speed rotation (Fig. 6c) taken for
the polymer mixtures reprocessed up to three times. Due to
the extremely low concentration of the dispersed phase
(0.1% of polystyrene in a polypropylene matrix), the
mechanical response can be attributed to the poly-
propylene only. The imposed sinusoidal die-head pressure
cycling produces a sinusoidal response from all measured
variables. In order to maintain the die-head pressure at the
required cyclic pressure proﬁle, the PID controlled screw
rotation speed has to be increased continuously. On the
contrary, pressure at zone 5 reduces continuously while the
consecutive cycles are applied. Both results do show the
reduction in the molten polymer viscosity due to the
thermo-mechanical degradation of the polypropylene,
which is via chain scission. The torque level presented no
signiﬁcant modiﬁcation, neither during the time, nor as
a function of the number of reprocesses.
Another way to present these data is to plot the torque
and the pressure at zone 5 as a function of the screw
rotation speed, as seen in Fig. 7a and b. As the successive
cycles of pressurization/depressurization take place both
curves of the torque and pressure values are shifted tohigher screw rotation speeds indicating, as before, the
reduction of the melt viscosity of the PP due to chain
scission degradation during the processing. Particularly in
the case of the torque versus screw rotation speed (Fig. 7b),
the curve forms an ellipse, showing strong hysteresis due to
the pseudoplastic character of the ﬂowing molten poly-
propylene. During the processing in the sinusoidal die-
head pressure mode, the polymer melt is submitted to
compression/decompression cycles leading to a sequence
of deformation/relaxation periods. When the polymer
relaxation time is greater then the imposed strain rate
a hysteresis curve is formed.
The melt ﬂow rate during the discharge of samples that
have been previously reprocessed up to three times was
measured by discharging the molten polymer at a constant
die-head pressure proﬁle. Fig. 8 shows that themelt viscosity
Fig. 7. Barrel pressure at zone 5 (a) and torque (b) as a function of the screw
rotation speed, showing hysteresis due to the polymer degradation, polymer
pseudo-plasticity and polymer relaxation time being greater then the
imposed strain rate.
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the number of reprocessing. This behavior, indicating
reduction in the polymer melt viscosity, is due to chain
scission generated by thermo-mechanical degradation of
the polypropylene. The melt ﬂow rate was obtained for
polymer mixtures extruded at least once in order to get
homogeneity.
The ability to externally control the operating variables
of an extruder allows it to be operated as a torque
rheometer. One of the ways is to control the rotation screw
speed either by the extruder front panel (as in a conven-
tional operation) or by software with a PID controllerFig. 8. Effect of multiprocessing in the melt ﬂow rate of polypropylene
measured during the discharge at constant die-head pressure.(method proposed here). The use of an extruder instead of
a torque rheometer brings at least two advantages in the
quality of the data obtained, considering the differences in
the geometric conﬁguration and applied stresses of both
equipment: i) studying the polymer ﬂow behavior in the
actual machine it is normally processed i.e. the extruder
with its myriad of possible conﬁgurations and settings, ii)
controlling the variables affecting the melt ﬂow rheology.
This procedure can be applied to analyze the thermo-
mechanical and rheological behavior of a polymeric mate-
rial while being extruded. Many aspects can be studied
including melt ﬂow behavior, polymer degradation and
morphology development in polymer mixtures if an optical
detector is ﬁtted at the extruder die exit. In the example
presented, a very dilute polymeric mixture (<2%w/w) was
used to study the particle deformation and recovery as well
as the thermo-mechanical degradation of the polymer
matrix in order to avoid multiple scattering. This can be
taken as an advantage because it avoids particle coales-
cence, therefore allowing studies where only particle
breakup and deformation of the droplets are considered.
Another point of interest is the ability to measure the melt
ﬂow rate directly from the extruder during the melt
discharge at controlled die-head pressure.
4. Conclusions
The experimental setup presented in this paper shows
a way of externally controlling and recording the opera-
tional variables of an extruder, allowing it to be operated as
a torque rheometer recording and/or controlling the main
processing parameters; torque, melt pressure and screw
rotation speed. The instrument collects in-line data during
the operation, which is done by applying a variety of preset
modes of processing. Examples of constant, ramp and
sinusoidal die-head pressure changes are shown. During
extrusion, this procedure analyzes the thermo-mechanical
and rheological behavior of a polymeric system, including
melt ﬂow behavior and polymer degradation. The addition
of an optical detector, at the extruder exit, allows studies of
morphology development in very dilute polymer mixtures,
including particle deformation, recovery and its revers-
ibility during ﬂow.
The polymer mixture morphology sets already during
the ﬁrst extrusion for the materials considered, not being
altered by the following reprocessing. On the other hand,
the thermo-mechanical degradation level always increases
with the number of reprocesses.
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